The Indispensable Role of Case Histories in Landfill Engineering by Kavazanjian, Edward, Jr.
Missouri University of Science and Technology 
Scholars' Mine 
International Conference on Case Histories in 
Geotechnical Engineering 
(2008) - Sixth International Conference on Case 
Histories in Geotechnical Engineering 
13 Aug 2008, 1:30 pm - 2:15 pm 
The Indispensable Role of Case Histories in Landfill Engineering 
Edward Kavazanjian Jr. 
Arizona State University, Tempe, AZ 
Follow this and additional works at: https://scholarsmine.mst.edu/icchge 
 Part of the Geotechnical Engineering Commons 
Recommended Citation 
Kavazanjian, Edward Jr., "The Indispensable Role of Case Histories in Landfill Engineering" (2008). 
International Conference on Case Histories in Geotechnical Engineering. 6. 
https://scholarsmine.mst.edu/icchge/6icchge/session12/6 
This Article - Conference proceedings is brought to you for free and open access by Scholars' Mine. It has been 
accepted for inclusion in International Conference on Case Histories in Geotechnical Engineering by an authorized 
administrator of Scholars' Mine. This work is protected by U. S. Copyright Law. Unauthorized use including 
reproduction for redistribution requires the permission of the copyright holder. For more information, please 
contact scholarsmine@mst.edu. 
  
THE INDISPENSABLE ROLE OF CASE HISTORIES IN LANDFILL ENGINEERING 
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Documented case histories are perhaps even more essential to the practice of landfill engineering than to other aspects of geotechnical 
practice.  Case histories are particularly important to landfill engineering because of difficulties in sampling and testing representative 
materials and the non-homogeneous nature of many landfills.  Case histories play an essential role in the evaluation of static and 
dynamic properties of waste, in identifying potential performance problems and failure mechanisms, and in demonstrating that 
laboratory interface shear testing can be relied upon to predict field behavior of liner and cover systems.  Case histories have proven to 
be essential in establishing appropriate values for municipal solid waste unit weight and shear strength as well as its stiffness and 
hysteretic damping under cyclic loads.  A case history helped establish the importance of interface shear strength to the stability of 
lined landfills and two recent case histories have identified landfill gas-pore water pressure interaction as a potential failure 
mechanism in wet landfills.  Case histories also play an important role in facilitating the post-closure development of landfill sites, a 
sustainable development practice, by demonstrating that closed landfill sites can be put to beneficial reuse while protecting human 





Case histories have long been recognized as an essential part 
of geotechnical practice.  Case histories provide for validation 
of engineering approaches to geotechnical design problems, 
including site characterization, geotechnical property 
evaluation, and geotechnical performance analyses.  Case 
histories also provide for identification and verification of 
failure mechanisms and documentation of successful 
approaches to and best practices for addressing practical 
problems.  The geotechnical field has a long history of 
application of case histories to achieve these objectives for a 
broad spectrum of geotechnical problems, from foundation 
design to design and construction of earth structures to 
geologic hazard mitigation. 
 
Difficulties in representative sampling and testing of waste 
combined with the heterogeneous nature of most landfills 
make case histories even more essential, in fact indispensable, 
to the practice of landfill engineering.  Case histories have 
proven to be indispensable in evaluating the mechanical 
properties of waste properties, from basic properties like unit 
weight to complex properties like modulus reduction and 
damping under cyclic loads.  Case histories have also played 
an important role in identifying potential failure modes that 
must be addressed in design, including shear failure along 
geosynthetic interfaces as well as in demonstrating to 
engineers, regulators and the public that properly designed 
waste containment systems can withstand extreme events like 
earthquakes.  Case histories can also play an important role in 
facilitating the sustainable engineering practice of re-use of 
landfill sites by demonstrating that closed sites can be put to a 
variety of beneficial uses while protecting human health and 
protecting and sometimes enhancing the environment. 
 
 
UNIT WEIGHT OF MUNICIPAL SOLID WASTE 
 
Unit weight is perhaps the most basic of mechanical 
parameters for geomaterials.  Unit weight is essential to 
evaluating the initial stress state in the ground, thereby 
influencing the strength and stiffness of the material.  Unit 
weight is an important parameter in volume calculations for 
geotechnical problems, including evaluation of earthwork 
shrinkage and bulking factors and landfill capacity.   Unit 
weight can also be an important load parameter in many 
geotechnical analyses, as the gravity and seismic inertial 
forces from an earth (or waste) mass are directly proportional 
to unit weight.  In fact, geotechnical performance analyses 
may be sensitive to not only the absolute value of the unit 
weight but to the distribution of unit weight with depth.   
Figure 1, from Zekkos et al. (2006), shows the impact of the 
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distribution of unit weight versus depth on the predicted 
seismic response, presented in terms of the acceleration 
response spectra, at the top of a municipal solid waste (MSW) 
landfill.  The maximum peak spectral acceleration (PSA) is 
over 30% higher for a profile in which the unit weight 
increases with depth as compared to a profile in which the unit 




















MSW surface-Kavazanjian et al. 1995
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5% damping 
 
Fig. 1. Influence of the distribution of unit weight versus depth 
on seismic response at the surface of a landfill 
 (Zekkos et. al, 2006) 
 
For many years, landfill engineers used unit weight values for 
MSW that were logically estimated based upon reports from 
operators.  Since knowing the amount of waste that goes (or 
will go) into a landfill is an important economic consideration, 
these operator-based estimates were reasonably expected to be 
reliable (and, in fact, were for what the operator was 
reporting).  Figure 2 presents a unit weight versus depth 
profile developed by Kavazanjian et al. (1995) based upon 
operator reports of initial unit weight (unit weight upon first 
placement) and average unit weight upon closure (the shaded 
zone).   
 
 
Fig. 2. Unit weight of MSW (Kavazanjian et al., 1995) 
This unit weight profile in Figure 2 is still widely used in the 
US and abroad in landfill performance analyses.  However, in 
situ measurements of MSW unit weight made subsequent to 
the development of Figure 2 invariably led to significantly 
higher unit weight values than presented in Figure 2.  Figure 3 
presents the results of in situ unit weight measurements made 
in large-diameter (750 mm) boreholes by a gravel replacement 
technique at the Azusa Landfill in southern California 
(GeoSyntec Consultants, 1995; Zornberg et al., 1999).  Unit 
weight values over the top 10 meters of the profile are on the 
order of 50% greater than the values shown in Figure 2 and 
the unit weight values at Azusa remain significantly higher 
than Figure 2 even at depth.  Even higher unit weight values 
are reported for the Operating Industries, Inc. (OII) Landfill in 
southern California by Matasovic and Kavazanjian (1998).   
 
 
Fig. 3.In situ waste unit weight measurements, Azusa  Landfill 
 (GeoSyntec, 1995) 
 
In investigation into the discrepancies between the MSW unit 
weight values in Figure 2, developed based upon reports from 
operators, and the values measured at OII and Azusa   the unit 
weight values reported by landfill operators determined that 
operator–reported values are typically only for the waste 
deposited in the landfill that they receive revenue from and do 
not account for daily and interim cover soil generally placed 
by the operator with the waste in a modern landfill.  Initial 
attempts to factor daily and interim cover soil into the unit 
weight estimates, based upon operator reports of 3:1 and 4:1 
waste to soil ratios, still yielded unit weight values lower than 
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the measured values because it was assumed that the operator-
reported waste to soil ratios were based upon the weight of the 
waste and soil constituents.  Finally, realistic values were 
obtained when it was realized that operators reported waste to 
soil ratios on a volume basis, i.e. one truck of daily cover soil 
was placed in the landfill for every 3 to 4 trucks of waste.  
Based upon typical unit weights for uncompacted soil and for 
waste in the trucks entering a landfill, accounting for 
placement of one truck of soil for every 3 to 4 trucks of waste 
placed in the landfill increased the unit weights in Figure 2 by 
50% to 100%, to values consistent with measured values.  The 
additional soil content was also consistent with field 
observations of the percentage of soil and soil-like material 
recovered from large diameter borings in waste at the Azusa 
and OII landfills (GeoSyntec, 1995, Matasovic and 
Kavazanjian, 1998).  It should be noted that increased 
moisture content in the waste after placement is another source 
of discrepancy between logical estimates based upon operator 
reports and measured values.  Waste unit weights in excess of 
20 kN/m3 were measured in saturated zones at the OII Landfill 
(Matasovic and Kavazanjian, 1998).  
 
Zekkos et al. (2006) summarized available case history data 
on field measurements of municipal solid waste.  These 
authors identified 11 case histories of field measurements 
(some involving multiple landfills) that they considered 
reliable because they involved a representative volume of 
waste.  The data from these reliable case histories are plotted 
in Figure 4 along with the Kavazanjian et al. (1995) curve 
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(1) Santo Tirso, Portugal (Gomes et al. 2002);  (2) OII, California, USA (Matasovic and Kavazanjian, 
1998); (3) Azusa, California, USA (Kavazanjian et al, 1996); (4) Tri-Cities, California, USA (this study); 
(5) no name older landfill (Oweis and Khera, 1998); (6) no name younger landfill (Oweis and Khera, 
1998); (7) Hong Kong, China (Cowland et al. 1993); (8) Central Mayne landfill, USA (Richardson and 
Reynolds, 1991); (9) 11 Canadian landfills (Landva & Clark, 1986); (10) Valdemingomez, Spain 
(Pereira et al. 2002); (11) Cherry Island landfill, Delaware, USA (Geosyntec, 2003); 
Kavazanjian et al. (1995)
 
Fig. 4. Case history data on field measurement of MSW unit 
weight (Zekkos et al., 2006) 
 
Figure 4 shows that the Kavazanjian et al. (1995) curve is a 
lower bound for field values of MSW unit weight.  This lower 
bound presumably applies to dry landfills that use little to no 
soil cover and do not compact the waste upon placement.  
Based upon the data in Figure 4, Zekkos et al. (2006) 
developed the family of MSW unit weight versus depth curves 
shown in Figure 5.  Zekkos et al. (2006) provide guidelines for 
using this family of curves, developed on the basis of case 
histories, to evaluate MSW unit weight with and without 
supplemental field investigation.  While these curves may 
represent the best available data on the in situ unit weight of 
MSW, continued collection of data on MSW unit weight is 
warranted to identify regional differences in MSW unit weight 
as well as the impact of new operational practices (e.g. 
leachate recirculation, mechanical and biological pre-
processing) and evolutionary changes in the waste stream 
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Fig. 5. Family of typical curves for unit weight of MSW 
(Zekkos et al., 2006) 
 
 
WASTE SHEAR STRENGTH 
 
Perhaps the most important mechanical property of MSW 
from an environmental protection perspective is shear 
strength.  While lab testing may be useful for evaluating 
general patterns of strength behavior and the relative influence 
of various compositional parameters, back analysis from field 
case histories is widely recognized to be the most reliable 
source of information on MSW shear strength (Singh and 
Murphy, 1990; Kavazanjian et al., 1995; Eid et al., 2000).  
Prior to 1995, most engineers used MSE shear strength 
parameters based upon a plot developed by Singh and Murphy 
(1990).  Values for the Mohr-Coulomb strength parameters of 
MSW on the order of cohesion, c, equal to 5 kPa and friction 
angle, φ, equal to 20 degrees were common.  However, 
Kavazanjian et al. (1995) pointed out that these low values of 
shear strength were contradicted by case histories of stable 
steep slopes at existing landfills as well as by MSW shear 
strength tests conducted on large diameter specimens.  Using 
back analysis of the stability of four steep-sloped landfills, 
including the 1.5H:1V (1.5 Horizontal: 1 Vertical), 60+ m-tall 
north slope of the OII shown in Figure 6, supplemented by 
data from three MSW shear strength testing programs that 
used large diameter specimens, Kavazanjian et al. (1995) 
proposed the bi-linear shear strength envelope shown in 
 Paper No. SOAP 7 4
Figure 7, characterized by c = 25 kPa at low normal stress and 
φ = 33 degrees at higher normal stresses, as a lower bound 
shear strength envelope for MSW  An important factor in the 
use of 25 kPa cohesion at low normal stress for this strength 
envelope were persistent reports from landfill operators that 
they could make relatively deep stable vertical cuts for 
installation of gas extraction trenches and other operational 
purposes, often to the operational depth limits of their 








Fig. 7. Kavazanjian et al. (1995) bi-linear shear strength 
envelope for MSW 
 
Since the development of the bi-linear MSW shear strength 
envelope in Fig. 7, there have been a number of high profile 
landfill failures, including the 1996 failure of the Rumpke 
Landfill near Cincinnati, Ohio (Mitchell, 1996; Eid et al,, 
2000), the 1997 failure of the Dona Juana Landfill in 
Columbia (Hendron et al., 1999), and the 2000 failure of the 
Payatas Landfill in the Philippines (Kavazanjian and Merry, 
2005).  Mitchell (1996) reports that the Kavazanjian et al. 
(1995) bi-linear strength envelope is consistent with the 
geometry of the Rumpke failure, including the 30+ m-tall 
vertical back scarp of the failure zone shown in Figure 8.   
 
Fig. 8. Post-failure configuration of the Rumkpe Landfill 
 
Using back analysis of a number of landfill failures, including 
the Rumpke failure, supplemented with laboratory test data, 
Eid et al. (2000) developed lower bound, average, and upper 
bound shear strength envelopes for MSW characterized by φ = 
35 degrees and c = 0, 25, and 50 kPa respectively.  These 
values are consistent with, though marginally different than, 
the Kavazanjian et al. (1995) bi-linear MSW shear strength 
envelope.  Figure 9 compares bi-linear shear strength envelope 
developed by Kavazanjian et al. (1995) with the MSW shear 
strength envelope developed Hendron et al. (1999) from back 
analysis of the Dona Juana Landfill failure, where leachate 
was reinjected into the landfill at pressures exceeding 350 kPa,  
and the lower bound envelope of Eid et al. (2000), along with 
data from laboratory testing on reconstituted specimens of 
solid waste from the OII landfill (Kavazanjian, 2001).  Based 
upon this comparison, Kavazanjian et al. (2001) concluded 
that the bi-linear failure envelope remained valid as a lower 
bound effective stress envelope for MSW.   
 
 
   
 
 
Kavazanjian et al. (1995) 
Hendron et al. (1999) 
OII Direct Shear 
OII Simple Shear 




Fig.9. Comparison of MSW shear strength envelopes 
(Kavazanjian, 2001) 
 Paper No. SOAP 7 5
The failure of the Dona Juana Landfill during leachate 
reinjection and the failure of the Payatas Landfill following 10 
consecutive days of heavy rain have also identified a new 
potentially critical mechanism that may contribute to 
instability in wet landfills.  Merry and Kavazanjian (2006) 
report that back analysis of the Payatas landfill failure, shown 
in Figure 10, using the Kavazanjian et al. (1995) bi-linear 
strength envelope and hydrostatic pore pressures estimated 
from rainfall records and infiltration analyses, do not by 
themselves explain the landfill failure and suggest that 
additional excess pore pressure (pore pressure greater than 
hydrostatic) due to landfill gas – pore pressure interaction in 
saturated waste may have been an important factor in 
triggering the tragic failure that led to loss of over 230 lives. 
   
 
Fig. 10. Failure of the Payatas Landfill in the Philippines  
(Kavazanjian and Merry, 2005) 
 
Gonzalez-Garcia and Espinosa-Silva (2003) have suggested 
that the same mechanism (landfill gas – pore water pressure 
interaction) may have contributed to the failure of the Dona 
Juana Landfill, shown in Figure 11.  This is an important 
finding that must be considered in the design of wet landfills, 
e.g. bioreactor and leachate recirculation landfills.  Merry et 
al. (2006) have suggested increasing the unit weight of the 
pore fluid to account for this interaction. 
 
 
Fig. 11. Failure of the Dona Juana, Colombia, Landfill 
(Hendron et al., 1999) 
Back analysis of case histories also indicates that the 
Kavazanjian et al. (1995) MSW shear strength envelope is 
also a conservative lower bound for the shear strength of 
MSW subject to seismic loading, as discussed subsequently. 
 
 
INTERFACE SHEAR STRENGTH 
 
The 1988 failure of the Phase 1A of Landfill B-19 at 
Kettleman Hills, California, shown in Figure 12, remains the 
most notorious example of the failure of a modern lined 
landfill.  Over 500,000 m3 of hazardous waste slid down 
slope, tearing the geosynthetic elements of the double liner 
system and disrupting the leachate collection and surface 
water management systems for the cell.  The conditions 
leading to this failure are well documented (Mitchell et al., 
1990; Seed et al., 1990; Byrne, et al. 1992), though some 
details of the failure mechanisms are still subject to debate.  
The primary contribution of this case history to landfill 
engineering practice is that it highlighted the importance of 




Fig. 12. Failure of Phase 1A, Cell B-19 of the Kettleman Hills 
Landfill  (photo courtesy of S. Brown) 
 
While the Kettleman Hills failure clearly demonstrated the 
importance of interface shear strength to the stability of 
landfill liner and cover systems, the reliability of laboratory 
interface shear strength testing as a means of evaluating the 
field performance of interfaces remained a subject of much 
controversy for almost a decade afterwards.  Definitive proof 
of the ability of laboratory testing to give reliable estimates of 
interface shear strength was ultimately provided by a serious 
of well documented geosynthetic clay liner (GCL) test plots in 
Cincinnati, Ohio (Daniel et al., 1998).  A total of 14 GCL test 
plots were constructed by the United States Environmental 
Protection Agency on a 12 m high slope for the specific 
purpose of evaluating the stability performance of GCLs in 
landfill cover system applications.  All of the plots were 
configured to represent a “typical” landfill final cover system 
with 0.9 m of cover soil and a drainage layer overlying a 
GCL-inclusive barrier layer placed on a prepared soil 
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foundation.  Five plots had nominal slope inclinations of 
3H:1V (3 horizontal to 1 vertical) while the other 10 plots had 
a nominal inclination of 2H:1V.   The plots were configured 
so that neither tension in the geosynthetic elements at the head 
of the plots nor buttressing of soil at the toe of the plots 
contributed to stability.  Figure 13 presents a schematic cross 
section of the 3H:1V test plots illustrating how the toe buttress 
effect was eliminated.   
 
Fig. 13. General configuration of the Cincinnati GCL test 
 plots (Daniel et al., 1998) 
 
Possibly the most important conclusion drawn from the 
Cincinnati GCL test plots was that laboratory interface shear 
testing appears to be a reliable means for assessing the 
stability of geosynthetic interfaces in the field.  The field 
stability performance of all 14 GCL test plots, including three 
of the 2H:1V test plots where a slide occurred and four 
additional test plots that were subject to large subgrade 
deformations, was consistent with laboratory shear test data, 
including interface shear testing on the geosynthetic materials 
and laboratory tests conducted to relate the drained shear 
strength of bentonite to its water content.   
 
 
Table 1. Calculated factor of safety and actual slope stability 
 of Cincinnati GCL test plots (Daniel et al., 1998) 
 
 
SEISMIC PERFORMANCE OF LANDFILLS 
 
General Aspects of the Behavior of Landfills Subject to 
Seismic Loading 
 
Case histories of the performance of landfills in earthquakes 
have also provided valuable insights into general aspects of 
the performance of landfills subject to seismic loading.  
Anderson and Kavazanjian (1995) summarize the performance 
of a number of steep slope unlined landfills in the epicentral 
region of 1989 M 6.9 Loma Prieta earthquake.  Unlined 
landfills in the epicentral region of this earthquake with side 
slopes as steep as 2H:1V and heights in excess of 60 m 
survived strong ground motions with peak ground 
accelerations (PGAs) estimated to be in excess of 0.45 g with 
no evidence of waste mass instability.  These observations 
suggest that MSW shear strength under seismic loading is at 
least as high as represented by the Kavazanjian et al. (1995) 
bi-linear strength envelope.  Matasovic et al. (1995) report on 
the performance of the 22 landfills shown on Figure 14 in the 
1994 M 6.7 Northridge earthquake.  This earthquake 
represented the first time modern geosynthetic-lined landfills 
had been subject to strong ground shaking in an earthquake.  
Four landfills with geosynthetic-lined waste cells were subject 
to PGAs estimated to be 0.3 g or more.  One of these landfills, 
the Chiquita Canyon Landfill, suffered a torn geomembrane 
while there was no evidence of earthquake-induced damage to 
the lining systems at the other three geosynthetic-lined 




Fig. 14. Landfills subject to strong ground motions in the 1994 
Northridge Earthquake (Matasovic et al., 1995) 
 
Augello et al (1995) subsequently conducted back analyses on 
10 cross sections from five of the landfills subject to strong 
shaking during the 1994 Northridge earthquake, including the 
Chiquita Canyon Landfill facility which suffered tears to the 
liner system in several locations, one of which is shown Figure 
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15, and the Lopez Canyon Landfill where the geosynthetic-
lined area (Figure 16) was subject to an even higher PGA than 
Chiquita Canyon but showed no evidence of damage to the 
liner system, despite the fact that the interface shear strength 
of the liner system at Lopez Canyon was less than that at 




Fig. 15. Tear in the geosynthetic liner system at Canyon C of 
the Chiquita Canyon Landfill (photo courtesy of the California 





Fig. 16 .The geosynthetic-lined area at the Lopez Canyon 
Landfill shortly after the Northridge Earthquake 
The back analyses conducted by Augello et al. (1995) 
demonstrate the Kavazanjian et al. (1995) bi-linear envelope 
provides a conservative lower bound for MSW shear strength 
under seismic loading.  Table 2 provides lower bound 
estimates by Augello at al. (1995) of MSW shear strength 
(assuming c = 0) from back analysis of six cross sections 
through slopes that showed no evidence of seismic instability 
in the Northridge event.  Furthermore, calculated seismic 
deformations on the order of 150-300 mm from a decoupled 
Newmark seismic displacement analysis may be considered 
indicative of satisfactory performance of geosynthetic liner 
systems subject to seismic shaking.  Matasovic and 
Kavazanjian (2006) drew a similar conclusion with respect to 
the performance of geosynthetic cover systems based upon 
their back analysis of the performance of the Olympic View 
Sanitary Landfill in Bremerton, Washington during the M 6.8 
2001 Nisqually earthquake.  Other important observations that 
may be drawn from the performance of landfills in the 
Northridge earthquake are that anchor trenches and locations 
at which seam specimens were cut out from the liner system 
for quality assurance testing are locations where stress 
concentrations can exacerbate seismic loading effects and that 
well designed geosynthetic-lined landfills can survive 
substantial levels of strong ground shaking without damage. 
 
 
Table 2. Minimum MSW shear strength under seismic loading 
from back analysis by Augello et al. (1995) 
 
Landfill Minimum MSW 
Shear Strength  
(c = 0) 
OII Landfill φ = 39o – 44o 
Toyon Canyon Landfill φ = 27o – 36o 
Sunshine Canyon Landfill φ = 33o – 52o 
Lopez Canyon Landfill Area A φ = 36o – 45o 
Lopez Canyon Landfill Area C φ = 35o – 54o 
Chiquita Canyon Landfill Area C φ = 34o – 44o 
 
 
Mechanical Properties of Waste Subject to Seismic Loading 
 
Case history data are an important source of information on 
the mechanical properties of waste subject to seismic loading.  
The specific waste properties required for seismic analysis of 
landfills include unit weight, shear strength, the initial small 
strain stiffness, or shear wave velocity, of the waste, and the 
strain-dependent modulus and damping values that apply to 
the waste during seismic loading (generally represented as 
modulus reduction and damping versus shear strain 
relationships).  The unit weight of waste is the same for 
seismic analysis as for static analysis and as suggested by 
Table 2, back analysis of the performance of landfills in the 
Northridge earthquake by Augello et al. (1996) indicates that 
the Kavazanjian et al. (1995) bi-linear envelope provides a 
conservative lower bound for MSW shear strength under 
seismic loading.    
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Kavazanjian et al. (1996) report on field measurements of 
MSW shear wave velocity made at 6 different southern 
California landfills using the spectral analysis of surface wave 
(SASW) method, including the Azusa Landfill, and OII 
landfill, and the Lopez Canyon landfill.  Based upon this data, 
these investigators presented the recommended MSW shear 
wave velocity versus depth plot shown in Figure 17.  This 
recommended relationship is still widely used in landfill 
engineering practice as the default relationship for MSW.  
 
   
Fig. 17 Shear wave velocity versus depth for six southern 
California Landfills (Kavazanjian et al., 1996) 
 
Back analysis of strong motion records captured at the base 
and crest of the OII landfill in a series of earthquakes, 
including numerous small local events, the M 7.3 Landers 
event at a distance of 140 km, and the M 6.7 Northridge event 
at a distance of 43 km, provides the most reliable available 
information on modulus reduction and damping of MSW 
under seismic loading.  While the quality and quantity of the 
strong motion data were excellent, back analysis was 
complicated by the fact that the base station was founded upon 
a remediated landslide (rather than native soil or bedrock) and 
by the relatively complicated waste geometry and stratigraphy.  
Due at least in part to these complications, four different 
groups of reputable investigators came up with four different 
sets of modulus reduction and damping curves, as shown in 
Figure 18.  It should be noted that the Matasovic and 
Kavazanjian (1998) and Augello et al. (1998) groups had 
access to the most comprehensive information on the 
stratigraphy at the site in developing the modulus reduction 
and damping curves shown in Figure 18. 
 
 
Fig. 18 Modulus reduction and damping curves for MSW from 
back analysis of the seismic response of the OII Landfill 
(figure courtesy of Ellen Rathje) 
 
Matasovic et al. (2005) provide shear wave velocity profiles 
for the Casmalia hazardous waste disposal facility in Santa 
Maria, California.  At this site, containerized hazardous waste 
was backfilled with native soil (Figure 19). Based upon the 
shear wave velocity data and Cone Penetrometer soundings 
through the waste mass, the authors concluded that the mass 
behavior of this landfill was governed by the mechanical 
properties of the backfill soil.  This is an important conclusion 
regarding the seismic behavior of hazardous waste landfills 
with containerized and backfilled waste, where testing and 





Fig. 19 Backfilling of containerized waste at the Casmalia 
Hazardous Waste Landfill (Matasovic et al., 2005) 
 
WASTE COMPRESSIBITY AND LANDFILL 
SETTLEMENT 
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Waste compressibility includes immediate compressibility due 
to stress increase and delayed compressibility, or compression 
under a constant stress.  Delayed compression includes both a 
mechanical component and a biological (degradation) 
component.  Biological compression can also occur 
concurrently with immediate compression.   
 
The immediate compressibility of waste is generally not 
considered to be a parameter of primary importance to landfill 
engineers, though it can impact landfill capacity and impart 
downdrag loads on side slope liners, leachate risers, and other 
internal landfill components.  Immediate compressibility may 
also be a design consideration for structures and 
environmental control systems built on top of the landfill after 
waste filling is complete.  The immediate compressibility of 
waste can vary over a wide range based upon waste 
composition and compaction.  Figure 20 shows the intra-
landfill variation in the immediate compressibility of 
reconstituted waste specimens from the OII landfill that were 
compacted using a consistent amount of energy to achieve unit 




Fig. 20 Immediate compressibility of reconstituted waste 
specimens from OII (Kavazanjian et al.1999) 
 
Inter-landfill compressibility may be expected to be even 
greater than this intra-landfill variability.  However, as noted 
above, from a landfill engineering perspective it is often 
simply enough to know that waste is a relatively compressible 
material when subject to increased stress and that most 
compression strains are irrecoverable upon load removal 
rather than to have a quantitative estimate of immediate 
compressibility.  
 
Delayed waste compression can be an important consideration 
with respect to the performance of final cover systems and 
facilities constructed on top of the landfill after closure.  
Delayed compression is often dominated by its biological 
component: a typical rule of thumb cited by engineers is that 
delayed settlement may be as much as 20 percent of the total 
waste thickness in the post-closure period.  Delayed 
compression rates vary widely depending upon both waste 
composition, i.e. organic content, environmental conditions, 
e.g. the initial moisture content of the waste, ambient 
temperature, precipitation and percolation of moisture into the 
waste, and operational practices, e.g. leachate recirculation.  
Experience shows significant variability in post-closure 
settlement of landfills.  However, case history data indicates 
the intra-landfill variability of post-closure settlement may be 
significantly less than the inter-landfill variability.   
 
Figure 21, from Ling et al. (1998), present post-closure 
settlement measurements from five different points on the 
Spadra Landfill in Southern California.  This figure shows 
remarkable consistency among the post-closure settlement 
rates at the various points as well as a relatively predictable 
rate of settlement after an initial 50-day post closure period.  
The data in Figure 21 suggest that, while predicting the total 
magnitude of post-closure settlement a priori may be 
problematic, long-term post-closure landfill settlement may be 
reasonably predicted, in the absence of a change in 
environmental conditions or operational practices, by 
monitoring post-closure settlement for a period on the order of 
100 days and then extrapolating settlements on a log scale. 
 
 
Fig. 21. Post-closure settlement of the Spadra Landfill 
(Ling et al., 1998) 
 
 
POST CLOSURE DEVELOPMENT OF LANDFILLS 
 
Post-closure development of landfills is a sustainable 
engineering practice in that it makes beneficial reuse of 
environmentally degraded property and preserves un-degraded 
property either from development or for higher value end uses.  
Post-closure development can also enhance environmental 
protection and facilitate ecological restoration.  However, 
post-closure development projects may often be hindered by 
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irrational fears over risks to human health and the environment 
and lack of experience in dealing with the engineering issues 
associated with post-closure development.  Case histories of 
post-closure development can therefore be a valuable means 
of facilitating this sustainable development practice.  For 
instance, the Environmental Protection Agency has 
documented a collection of case histories of successful 
redevelopment of Superfund sites for recreational purposes 
(EPA, 2001).   
 
Kavazanjian (2007) gives examples of 7 redevelopment 
projects at MSW and hazardous waste sites to illustrate the 
technical and non-technical issues associated with beneficial 
reuse of landfills.  These projects include a proposed “big 
box” retail store on the north parcel of the OII landfill, a 
soccer field on top of an old MSW landfill in the City of Los 
Angeles, a transfer station on top of a closed MSW landfill, 
and a golf course on top of a Superfund site. The soccer field 
for the City of Los Angeles, located on top of the Gaffey 
Street Landfill, employed an innovative capillary break cover 
with a passive gas venting system that could be converted to 
active if necessary and a “smart” irrigation system to mitigate 
the potential for over-watering the turf grass and thereby 
increasing methane generation at the site.  City representatives 
actively promoted the benefits of the project to the community 
to overcome any community reluctance to use a recreational 
facility cited on top of an old landfill, as illustrated by the sign 
in Figure 22.    
  
 
Fig. 22. Signage for the Gaffey Street Landfill redevelopment 
project (Kavazanjian, 2007) 
 
At the Lebec Landfill in Kern County, an innovative low 
permeability asphalt final cover with a non-woven geotextile 
interlayer for reinforcement, shown in Figure 23, was used to 
provide a working platform for transfer station operations 
(Kavazanjian and Dobrowlski, 2003).  A geomembrane flap 
secured by a batten strip, detailed to accommodate waste 
settlement, was used to connect the low permeability asphalt 
barrier to the concrete foundation of the transfer station.  
   
 
 
Fig. 23. Lebec Landfill transfer station and asphalt final 
cover/working deck (Kavazanjian, 2007) 
 
At the McColl Superfund site in southern California, a golf 
course was reconstructed over the top of unlined waste pits 
containing a tarry petroleum waste with a pH of less than 1.  
Special testing was conducted to demonstrate that the 
geosynthetic cap would not deteriorate when exposed to the 
low pH waste and waste by-products (Hendricker et al., 1998).  
The composite geosynthetic cap, shown in Figure 24, included 
a mechanical barrier layer of cobbles above the composite 
geomembrane / geosynthetic clay liner infiltration barrier layer 
to guard against inadvertent breaching of the barrier and 




Fig. 24. Geosynthetic final cover for golf course areas at the 





Case histories are an indispensable part of landfill engineering.  
They contribute to evaluation of waste properties, help 
identify general mechanisms of landfill behavior, and facilitate 
beneficial reuse of landfill sites.  Case histories played an 
essential role in establishing that unit weight values developed 
based upon operator reports of landfill capacity routinely 
underestimated the shear strength of municipal solid waste and 
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led to improved recommendations for unit weight values for 
use in design.   
 
Case histories of stable, steep sloped landfills helped establish 
that shear strength values for MSW used in practice were 
unrealistically low.  Back analysis of both these stable 
landfills and landfill failures have led to the higher shear 
strength values for municipal solid waste typically employed 
in practice today.  The case history of failure of Phase 1A of 
Waste Unit B-19 at the Kettleman Hills Landfill was a major 
factor in identifying the importance of interface shear strength 
on the stability of lined landfills.  The case history of the 
Cincinnati GCL test plots is important in that it demonstrated 
that laboratory interface shear test data can be relied upon to 
predict the stability of geosynthetic interfaces in the field.  
Case histories of fairly recent failures at the Dona Juana and 
Payatas Landfills suggest that landfill gas / pore water 
pressure interaction is an important potentially destabilizing 
mechanism that must be considered in the design of wet 
landfills, including bioreactor and leachate recirculation 
landfills.   
 
Case histories of the seismic performance of landfills have 
demonstrated the shear strength of MSW in conventional (dry) 
landfills subject to seismic loading is at least as great as the 
static strength of the relatively dry waste.  Case history back 
analysis also plays an important role in validating the seismic 
design performance standard for geosynthetic liner systems of 
150-300 mm of calculated seismic deformation, calculated in a 
decoupled Newmark deformation analysis, widely used in 
practice today.  Case histories of SASW measurements of 
shear wave velocity provide the basis for the small strain 
modulus values of MSW used in seismic design practice 
today, while the modulus reduction and damping curves for 
MSW generally used in practice today are based primarily on 
back analysis of the response of the OII Landfill to a series of 
small nearby and large distant earthquakes.  The case history 
of the performance of the Chiquita Canyon Landfill in the 
Northridge earthquake shows that anchor trenches and cut-
outs for quality assurance testing of geomembrane seams can 
provide locations for stress concentrations that lead to damage 
to geosynthetic liner systems. Case history data from the site 
investigation for the Casmalia hazardous waste facility suggest 
that the seismic performance of hazardous waste landfills with 
containerized and backfilled waste will be governed by the 
properties of the backfill soil.      
 
The case history of compressibility testing on waste from the 
OII Landfill demonstrates that intra-landfill variations in 
compressibility are significantly greater than the variation in 
compressibility in a typical sedimentary soil deposit.  
However, post-closure settlement data from the Spadra 
Landfill suggests that post-closure settlement rates may be 
relatively uniform across a landfill and that measurement of 
post-closure settlement for an initial period of 100 days may 
be sufficient to allow for prediction of long term post closure 
settlement.  Case histories of post closure development of 
landfills provide valuable guidance to engineers on this 
sustainable engineering practice as well as confidence to 
owners, regulators, and the community that landfills can be 
put to beneficial reuse while protecting human health and 
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